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■ INTRODUCTION 



The present article deals with what la considered to 
"be a simpler and nore accurate nethod of deterr.ining , fron 
the results of "bench tests under approved rating condi- 
tions, the power at altitude of a supercharged aircraft 
engine, without application of correction formulas. 



THE CONVENTIONAL METHOD 
(Reference l) 



Before proceeding with the description of the proposed 
nothod, we shall briefly summarize the conventional proce- 
dure of dotormining the characteristics at altitude. 

The air Intake of the onglne is connected, by means 
of plpos, to a tank of a certain capacity, tho "box," oon- 
nunicating with tho outside through an opening fitted with 
a rogulating shuttor. 

The test is r.ado with full engino throttle, the valve 
of the B box" being regulatod to vary tho air-intake pres- 
sure and the boost prossure. ■ At tho different speeds, the 
horsepower of the engine, the boost pressure, and tho pres- 
sure in tho box aro observod — tho latter being tho ono 
which defines the fiotitious altitude of operation. 



"Nuovo netodo per il calcolo della potenza in. quota del 
no tori d'aviazlone nunitl di compressors in base alle 
prove effettuate nolle condizioni al suolo." Atti di 
Guidonia No. 28, June 20, 1940. 
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Substantially, such-a^-.tjaat besides affording a cor- 
relation "between horsepower and boost pressure coincident 
with tho "calibration curve "of the engine at different 
speeds - merely supplies the compression ratio of the su- 
percharger under different operating conditions. 

The corrections to be applied to this data obtained, 
relate either to the supercharger compression ratio or to 
the power of the engine. In regard to the supercharger 
compression ratio, the effect of the air-intake tempera- 
ture is habitually taken into account br means of an ex- 
perimental formula, originally proposed br Brooks: 

r s = r p CI + 0.00063 r p a (t p - t a )] (1> 

where r is the supercharger compression ratio, and t 
is the air-intake temperature; the subscripts z and p 
refer to operating conditions at altitude and sea level, 
respectively. 

This prooedure affords for each speed and each alti- 
tude in standard air, a corresponding corrected boost 
pressure and, in particular, determination of the rated 
altitude at the normal boost pressure. 

The horsepower formula generally employed, was also 
originally suggested by Brooks 1 * 

n,.n p [i+o.oooss y <♦,-..)] (x ♦ («) 

whore n z is the effective pr-e-e-sure-, and p t is the at- 
mospheric proBsuro (in mm Hg). 

This formula enables procedure from the power observed 
in the test to the engine powor developed at altitude, and 
corresponds with the corrected boost pressure. 

The first term in formula (2) allows for the rise. in 
compression ratio of the supercharger , ' p.nd hence, with 



The Italian standard specifies; _ ■' ■ -.in,«-tead of 

529+t K 

Tho rosults are practically tho samo.' 
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full engine throttle, for the .corresponding rise in "boost 
pressure of the i engine with respect to that disposable in 
the test; the so eo nA tern allows for the rise of density 
of the charge consequent to the lower air-intake tempera- 
ture; and the - third - tern allows for the depression in the 
exhaust which nanifests itself either by a "better volu- 
netric efficiency or "by a gain in the effective area of the 
cycle due to the lowering of the exhaust line. 

A similar fornula is used to determine the power de- 
veloped in flight, on the "basis of the known "boost pres- 
sure p a , atmospheric pressure p z , and tenperaturo t z . 
The powor I7 0 is taken fron the calibration curves re- 
duced to zoro altitude in standard air, and corrected "by 

n n Ph. A + ?2-L£0 (s) 
z 0 v a? z \ 3500 / 



CRITICISM Off PES SENT CORRECTION METHOD 



One critical objection to tho corroction fornula usod ■ 
at present is, that it is applied to tho offoctivo horso- 
powor, while tho atmospheric pressure and tenperaturo di- 
rectly affoct the woight of air consumed by the online, to 
which - as will bo shown - tho offoctivo power is not di- 
rectly proportional. 

This inaccuracy of application of tho correction for- 
nula - if not conducive to fa reat errors whilo tho correc- 
tion factors aro small (as, for instance, when reforrlng 
tho power observed on tho tost bench at zoro altitude in 
standard air) - will lead to substantial errors if the 
correction factors aro high, as occurs with the decreaBo 
of powor at high altitude. 

The inaccurate method of application of the corroction 
factors is clearly evident in the first term, relating to 
the boost pressure. 

Formula (2) assumes that the power varies directly 
proportional to the boost pressure while, on the contrary, 
as is soon, tho powor varies in rolation to tho boost 
prossuro, according to an approximately roctilinoar curvo, 
which doos not pass through the point of origin but inter- 
sects tho nogntivo somiaxis of tho ordinate (roforonoe 2). 
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As regards tho factor relating to the depression in 
the exhaust source, objection is raised about its struc- 
ture, since theory show a and experience proves that such 
a corrective tern, applied direct to the effective power, 
should be - aside fron the exhaust pressure - a function 
of tho indicated noon pressure of the cycle (referonco 3). 
Moroovor, tho effoct of depression in the oxhaust on tho 
cylinder charge, is groatly influenced and oonplloated by 
tho valvo ovorlap between tho intake and exhaust phases - 
r-o suiting in partial scavonging of tho conbustion . chanbor , 
which cannot be allowed for with a general fornula appli- 
, cable to any engine. 



PRINCIPLE OP A NEW METHOD OF DETERMINING 
THE HOHSEPOWEH AT ALTITUDE 



Cognizant of the dofieioncios of the present correc- 
tion fornulas, various authors have recently advanced nore 
rational and noro acourato r.othods. 

Zoyns and Ooroselli , . of the DVL (roferonce '2), pro- 
posed a cethod based on tho soparation of indicated power 
and powor. loss which, although beyond reproach theoretic- 
ally, nay encounter difficulties in practico, because it 
is prodictod on tho knowledge of the powor loss and its 
nodo of variation with altitude. 

In a subsequent report, Zoyns (roferenco 4) doscribes 
the results of tosts nado in the DVL on the air consunption 
of engines and its dependence on the altitude, noting par- 
ticularly the effect of valve overlap between intake and 
exhaust cycle,, and its consequent phenonona of scavenging 
in the conbuBtlon . chancer . On this occasion tho author 
observed, without entering into details, how the knowledge 
of air consunption night constitute an indication of tho 
effective powor developed by tho ongino. . 

This concept forns a real rational basis for the solu- 
tion of tho problen prosentod. In fact, since tho sur- 
rounding atnospheric conditions do not affect - at least, 
for tho greater part - the engine powor directly, but the 
air consuned by the engine, it is possible by searching 
first for the effect on the latter and then reverting to 
the forner by neans of an experinentally obtained fornula, 
to get results which will be sinpler and easier to apply, 
in general, to different typos of engines. 
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On the other hand, the method is relatively easy to 
apply, since it neroly involves the reading of the air 
consunption, vrhich is oasily accomplished with calibrated 
nozzlos and diaphragns or special volumetric counters. 

Developing this prinoiplo, we will now explain in 
detail tho nodo of application of this nothod. 

First, wo ostnblish tho corrolation betwoen air con- 
sumption and horsopowor, computo for a spoclfiod boost 
pressure tho air consumption , and honce, the powor dovol- 
opad undor any conditions of atnospharic prossuro and ton- 
poraturo different from that of tho tost; posting in 
this connoctlon, sovcral oxporinontal procodures dovolopod 
in our laboratories for tho purposo of facilitating and nak- 
ing p.oro socuro tho calculation. 

Noxt , wo conparo tho operation at altitudo of tho bu- 
porchargor, indicating new critarions for determining the 
boost prossuro obtainable with full throttle at any alti- 
tudo • 

CORRELATION 07 AIR CONSUMPTION AITS POWER 
IN RELATION TO ALTITUDE 
Notation 
3TI offoctivo horsopowor 
n, indicated horsopowor 

n r power absorbed by mechanical frlcti'on, not that of 
accessory drives (excopt supercharger) 

n pumping powor correapondiug to the power consumed in 
the intake and exhaust phases 

n o powor absorbed by tho supercharger 

■ 

P weight of air consumed' by tho online in unit time 

P a boost prossuro 

0 piston displacement 

SO total displacement 
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n rpn 

H hoat value of fuel 

H air-fuel ratio 

Tlj, indicatod efficiency 

p atnospheric prossuro 

t atnosphoric tonperaturo 



ffo havo x 

n = u i - n r - rr 0 (4) 

Tho indicatod horsopowor is: 

TJ ± = Z' -^S ^ (5) 

where is a constant, tho valuo of which doponds on 

tho onployod neasuring unit. 

Horoinaftor, tho r.ixturc ratio is assunod to "bo con- 
stant, so that H/n is a constant. The indicated effi- 
ciency introduced in equation (5) is equal tn the ra- 
tio of energy corresponding to tho area of tho cycle, and 
that is equivalent to the heat developed or tho conhustion 
of the fuol weight inducted into tho cylindor. Dofiriod in 
that nanncr, due allowanco also is naflo for the effoctlvo 
processes of energy in tho intake and tho oxhaust phasos 
and tho area of tho cyclo includod "between tho two corre- 
sponding representative lines. 

Following standard practico, this portion of the cclo 
nay ho considorod separately "by introducing tho concept of 
punping powor. In tho noro gonoral case, punping powor 
conprises a nogativo torn corresponding to tho onorgy loss 
duo to fluid resistance in tho intake and exhaust pipos 
(the hoost pressure heconing equal to that of tho exhaust 
hack pressure, would ho represented "by tho negative area 
of tho cyclo conprised hotwoon the linos of lntako and ex- 
haust), and a torn roprosonting the onorg" 0, duo to the even- 
tual difforonco hetwoon "boost and oxhaust hack pressure, 
and which is positivo or nogativo, according to whothor tho 
first is groator or snallor than the socond, ■ 
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T71th this convention,' wo„\n"a7o: 

n ± = k' %■ + n p (6) 

whoro T)j • is computed as "if tho cyclo dovolopod betwoon 

an oqual boost prosauro and oxhaust back proaauro, and with 
pimping losaos discounted. 

Thon wo oan put : 

n p = K" 2"La a (Pq , Pfj ) ^ n * (7) 

whoro II* roproaonts tho. punping losses rhon tho boost 

proeouro oquals that of the oxhrvust p fl (tho oano but op- 

posito profix for atnoaph.- ri c proaauro p), K M is' a con- 
-stant dopondont on tho choson noaauring unit, and a is a 
auitablo coofficiont. 

Coofficiont a ovontually diff-ora fron unity to allow 
for tho fact that tho change In .noan proaauro of the cyclo, 
duo to tho dlfforonoo in boo at and oxhaust prossuro, can 
bo difforont froc that of tho two proaaure8 bocr.uao of 
ovontual' nodifi cation of tho intake and oxhauat linoa with 
rospoct to tho courso resulting when both pronsuro.o aro 
oqual • Hence, 

n - *' *± * ^ a ( Pa -p B ) - n* + n r - n 0 (8) 

i 

Tho indicated efficiency ■■ T| ■ in closo appro xinat ion, 

can bo considorod a constant with rospoct to tho changos in 
atmospheric proaauro and* t'onporaturo ,' in woll-dofinod Un- 
ite, within which ouch' change a occur -ih tho problon under 
oonaidoratlon. 

. ■■ . .-^■■.-.■1. . 

Powor ri r t abaorbod b: p tho nechanical friction, can 
be considorod c.onotant r 'or~ qqual P and n. 

Punping pow'o'r ' IT constats of a torn variable in re- 

JT ■ 

lation to atnospherio pressure and a constant tern. 

The powor absorbed by tho super oharger nay be expressed 

with 
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■ n c =» P A (9) 

whoro coofficiont A, as rill bo shown later, follows 
fron an oppression of tho typo 




(10) 



whoro a is a dlnonsional constant, n c tho supercharger 
rpn, and tho third torn is a function of tho two parace- 
tors indicated in paronthosos. 

Assuming a constant ratio of transmission between en- 
gino and suporchargor , tho power absorhod "by tho supor- 
chargor is primarily a function of tho engine rpn and of 
tho air consumption; secondarily, and in first approxima- 
tion in negligible measure , a function of tho abovo two 
parameters which dopond on atmosphoric prcssuro and tom- 
poraturo. 

Tho correlation "botwoon poror and air consumption ex- 
pressed in equation (8), is experimentally obtained by tho 
plotting of a sorios of curvos - oach With respect to a 
constant rpm, and along which tho air consumption is mado 
to caango by action on tho carburetor valve. The result is 
a family of ourvos similar to those of tho calibration, but 
with tho difforonco that tho air consumption - rathor than 
tho boost prassuro - is plotted on tho abscissas. 

Tor tho foregoing considerations, the only term modi- 
fied in equation (8) is that corresponding to the pumping 
powor, which changes in ratio of tho variation of p a . 

If, however, we plot from the curvos ropresentati vo 
of n in relation to P, thoso roprosontative of 

n - Z n LS-jl a (Pa , pg ) 

with rospoct to tho moan variable, tho latter will bo in- 
variable with respect to altitude; i.o., atmospheric pres- 
sure and tcmporaturo. 

Since p a is known from test observations, it merely 

roquiros that a bo" known'-in order that this operation 
can bo carriod out. 
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In point of fact, thoro aro not onough oxporimontal 
- data .avail ah Id to gormit a^saf 6 assumption of tho factor 
a. Gnat; and Rurz of tho DTL ■ (rof erenco 5), on the "basis 
of single-cylinder tests, found a to vary, according to 
the depression in the exhaust , and to so nuch lesser degree 
as the neon piston speed was greater.. 

TTe, in turn, "by evaluation of tests nade in the lint 
altitude test chamber on an A-80-HO-41 engine (reference 3), 
using various readings of the air consumption taken at that 
tine, reconstructed for such engines the horsepower-air 
consumption curves for a fixed speed (2100 rpm; and dif- 
ferent oxhaust pressuros. 

On comparison of two of such curves relative to 500- 
meter and 4000-motor baromotric height, rospectlvoly , we 
obtainod a valuos ranging from 0.9* to 0.67 fror. the low- 
ost to tho highest boost preoouro (of 550 to 850 mm Hg) 

It is dosirable that additional tests bo mado on dif- 
foront typos of engines in the altitude test chamber, in 
order to ohtain othor data on tho factor in question. 

For tho present - lacking such data - we assume horo- 
inaftor a constant valuo of a, corresponding with tho 
avorago of tho Plat tost data: a = 0.8. 

Tiguro 1 shows tho powor plotted against the air con- 
sumption of a 14-cylindor, 2-row radial onginc at 2200 rpm. 
For simplicity, it is limitod to ono speed only; in prac- 
tice , of courso, such curvos should bo plotted for all 
spcodo of intorost. For tho purpose of extending the 
range of variation of air consumption, tho tost was mado 
with boost-prossure valuos considerably highor than normal 
('860 mm Hg), which was possiblo by utilizing 100-octano 
fuol instead of tho 87-octano fuel spocifiod for thiB en- 
gine. 

From the thus-ohtainod curve which, for tho explored 
rango can he considered a straight line, we deduced that 
shown as a dashed line (fig. l) by subtraction of the power 
corresponding to the difference in boost and exhaust back 
pressure. 

The characteristics of the ongino on which the tests 
wore mado and to which aro referred all the other experi- 
mental data presented hereinafter, aro as follows t 
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Air cooling 

14 cylinders, 2 rows 

Total displacement: 38,600 lltors 

Stroke: 165 mm 

Boro: 146 mm 

Compression: 6 

Intako valvo opens: 4° A.T.C. 
Intake valve closes: 36° A. B.C. 
ExhauBt opens: 31° 30' 3. B.C. 
Exhaust closes: 3° SO 1 A.T.C. 

AIR CONSUMPTION AND POTTER AT ALTITUDE 

The solution can bo divided into throo stops: 

a) Ascortain the ^roight of air aspirated in tho on- 

gi.no undor changing atmospheric prosBuro and 
tomporaturo conditions. 

b) Aftor the air consumption is computod, it is 

plotted on a diagram which gives, for a spec- 
ified speed and in relation to the air con- 
sumption 

II - K» ££.3 a (p Q - p B ) 

c) Add to this value the power fraction 

K n Mja a ( p - p ) 
2 .a ■ ^s ' 

relative to the boost and exhaust back pressure 
incurred under tho pertinent operating condi- 
tions. 

In ordor to study tho effect on tho air consumption of 
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the variables involved, we express P- as function of 
these variables. We can put 

■ p - fiLa x r Ya (11) 

where 

i 

v - Pa 
tt " H T a - 

Is the specific weight of air at pressure p a and temper- 
ature T Q in the delivory pipes directly "before the in- 
take valves, and 

X r is the volumetric efficiency 

Tor the calculation of Y a , the "boost pressure p a 
is known, "but not temperature T a , which differs from 
that of the supercharger intake due to the heat change s in 
the oarlmretor, in the supercharger, and in the inlet 
pipes. 

The volumetric efficiency X r is defined as the ratio 

of air weight effectively inducted into the cylinder to 
that of the cylinder volumo at pressuro p a and tempora- 
turo T a . 

Tho cylinder charge is essentially affected "by throe 
factors: tho pressuro drop of air duo to rosistanco on- 
countered in entoring the cylinder, tho tomporature rise 
of tho fresh chargo duo to the oxohango of heat with tho 
cylindor wall, and tho loss or &ain in volumo available, 
due to tho comproBsion and oxpansion of tho residuary 
gasos upon admission of tho fresh charge. Honce, 

*r ■ Mp) Mt) Ms) (12) 

Pbr our purposes it is intorostir.g to know how tho 
atmosphorlc pressure and temperature affect (\r£ Y a J or, 
in other words, since p_ is known. 



The atmospheric pressure acts essentially on ^ r ( 8 ) 
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which, in first approximation at least, can "be considered 
independent of the temperature. 

The air-intake temperature acts essentially on T & , 
and ^r(ip) which, however, nay "be considered Independont 
of tho pressure; then on ^r(p) which, approximately, can 
also "oe considered independent of tho atmospheric pressure. 

Postponing tho detailed study of an4 ito 

pondonco on atmospheric prossuro, for tho timo boing, wo 
noto for tho romaining terms of the product 




that, so far as wo are concornad, the knowledge of thoir 
abnoluto values ic unnecessary ind that only rolativo val~ 
uos are noodod - or, what amounts to tho samo thing - the 
law of variation of air consumption in rolation to tho 
air-intako tomporaturo undor othorwiso identical operating 
conditions. 

In accord with commonly accoptod assumptions, it nay 
bo suppoood that tho air consumptions aro in the invorso 
ratio of tho squaro roots of tho abooluto intako tonpora- 
turcs. This assumption ic ostablishod whon applying tho 
original experimental law commonl-"- accoptod for tho power 
tn the air consumption. 

Recent tosts at tho DVL, referred to by Zeros in his 
report, indicn^ed a relationship "between air consumption 
and temperature in the inverse ratio of the square root. 
This point would seem, then, to "be even clearer, once am- 
ple data from altitude-chamber tests are available. Some 
of the more general formulas can be obtained by referring 
to tho temperature behind the supercharger as well as the 
air-intake temporaturo, thus eliminating the variable of 
the temperature rise in the supercharger, which may bo dis- 
similar for every engine, according to the characteristics 
of operation and supercharger officioncy itself. 

To evaluate ^ r ( s )» the phenomena observed during 

the cylinder charge must be taken into account, due to the 
fact that the pressure of the freoh charge differs from 
that of the burned residuary gas. Under the acsumption that 
there is no valve overlap between tho closing of the ex- 
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hauat and the opening of the air intake, the cylinder vol- 
ume occupied or left free "by the residuary gases due to 
expansion or compression, can he computed with 



AT volume of comhustion chamher left free or 
filled with residuary canes 

e compression ratio 

m exponent of polytropic process of compression 
or expansion of exhaust gases 

p a pressure in exhaust (coincident with amhiont 
pressure p) 



The othor symholn are known. 

In reality, the process does not correspond with the 
simplified scheme which affords the ahove formula, and is 
uoualiy complicated "by othor than negligible valve ovorlap 
"between thy intake and the exhaust phases commonly exist- 
ing in modorn engines which induce real scavenging phenom- 
ena in the combustion chamher. 

In any case, it is plausible and Justified to admit 
that .X P ( B ) is a 6 eneral function, of tho ratio P B /p a of 
exhaust to boost pressure In fact, tho D7L tests men- 
tioned h-"- Zeyns and Oaroselli wore conducted with thiB 
form of the function. These experiments showed that 
*r(s) is largely dependent upon the valve overlap and, 
specifically, that it is not a linear function of P B /p a i 
except for small ovorlap valueB. 

Tor the final proposals in tho prosent study, it is 
of ^reat importance to he able to determine for the test 
engine the values of ^ r ( B ) &* dlfforont ratios P B /p a . 
even when not concerned with an altitude tost plant. 




(13) 



hence 



X *<«) " 1 + T « -l) n C 1 " if ) 



(14) 



where 
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Tho path of tho X r ( 8 ) function eorroaponding to tho 

values ^ > 1, is obtained readily froc sinple "bench 
Pa 

tests "by throttling the Intake and by observing the air 
consumption; it affords a short path for values of 

-■^ < 1, extending almost to the naxinun permissible "boost 
Pa 

pressure. The corresponding ^ r ( B ) values for snaller 
ratios of Z? B /p a encountered at high altitude, oan "be ob- 
tained if altitude equipment is available, by extrapola- 
tion of the path of the computed curve* 

Zeyne, using the results he obtained in the altitude 
test chamber, presents a aeries of curves for different 
values of valve overlap which may serve as a guide in such 
extrapolation. With proper experimental procedure, this 
extrapolation can be equally facilitated. It is clear 
that if the boost pressure could "be raised, beyond the nor- 
mal value to full throttle at sea level, the problem would 
yield the same result, since the minimum value of P s /p a 

corresponds inversely to the compression ratio of the su- 
percharger which - tho slight differonco duo to air-intake 
temporature being disregarded - is a constant with altitude, 

This method of operation is not possible, generally, 
bocauoo, asido.from ovorst ressing the engino parts, the 
phenomena of detonation becono so sovere is to make ongino 
operation precarious and, in any case, so disturbing as, 
probably, to influence tho appraisal of tho very phenome- 
non that we want to bring into ..evidence . However, oven oo , 
tho path necessary for tho extrapolation can bo reduced 
to a minimum through tho use of a highor octane fuel than 
spocifled for the ongino and by pushing tho boost pressure* 
if not to full throttlo, at least to highor values than 
normally usod. 

The rost of tho extrapolation can bo groatly facili- 
tated by tho following oxpodiont: socuro ^p(g) liv- 
ing tho ongino from nn olectric rotor, tho ignition boing 
cut out and tho boost - prossuro raisod to the highest value 
obtainablo. Undor thoso conditions, tho ongino-op orating 
conditions aro naturally unliko those provailing normally; 
so also are tho effects of tho phonomohon in question, 
since tho nature and tomporaturo nf tho residuary gases 
aro difforont and, in general, tho tomporaturo of tho on- 
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glne parts is different,' In spite of this, it is note- ■ 
worthy that, for shape at least, the curves that define 
tho function ^r(s) are similar, so that tho second can 
servo as guide to the first in the necessary extrapolation, 
This method merely oalls for ah oloctrio motor of adequate 
horsepower. 

Figures 2 and 3 illustrate various experimental re- 
sults obtained at Guidonia, on the previously described 
engine. 

Figure 2 gives the air consumption in relation to 
"boost pressure, for 2200 rpm. Figure 3 shows the coeffi- 
cient ^r(s) plotted against the pressure ratio P B /p a » 
^r(a) is rectilinear over a wide range of Ba/p a t and 
diverges only at very high P Q /p a . 

The straight course of ^r(s) ifl Justified' for the 
engine tosted with the smallest valve overlap;. in any case, 
the slope of tho straight line is "bettor than that obtained 
from (14) "by assuming a plausible value per meter. 

Tho determination of ^r(s) waB oacten d- ei *° much lowor 
values of ratio P B /p a , which were obtained by raising the 
boost prossure almost to that at oea level, using 100- 
octano fuel in ordor to avoid detonation. Figuro 3 shows 
further, the valuos for ^ r ( B ) as obtained when running 
tho engine with an oloctric notor. Those points fall, in 
very boot approximation, on the particular \.( B ) curvo 
obtained in normal oporation, thus confirming tho correct- 
ness of tho proviously suggested oxporinontal method. 

It is to be notod that tho coincidence of the valuos 
of ^r(s)« achieved in both cases, demonstrates that the 
phenomenon Xb not affected by the residuary gas tempera- 
ture. However, this result merits further confirmation. 

The calculation of the air consumption P for a 
specified spaed at any. p a , p, and t can now be carried 
out . 

With P(p) and T (p). as the absolute atmospheric 
pressure and temperature at which the tests were made, and 
P* as the air consumption observed in correspondence with 
the value of tho boost pressure p^ equal to the atmos- 
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pheric pressure of the test P(p)» we f ^ n ^- 

* = **n£\<e) T (") 

The coefficient ^r( B ) la tJlat relative to the value 
of ratio Pa/Pai while t allows for the effect of tem- 
perature on the filling or charge and which, in accord 
with previous arguments can "be expressed by the square 
root of the inverse ratio of the absolute air-intake tem- 
peraturo 




The procedure can ho applied forthwith to the calculation 
of the change in air consumption with altitude in standard 
air. 

Up to the rated altitude the "boost pressure remains 
constant; beyond, however, it decreases in accord with a 
law defined by the characteristics of the superchargor and 
of the air intake and can he computed by the methods indi- 
cated hereinafter. 

However, an approximation can be made and so the cal- 
culation for aifilfi boost pressure, avoided. With subscript 
n denoting .the quantity relative to rated altitude, we 
have at above thiB altitude: 

p - p p * r * Hk (?lr (a)) « (i7) 

? « ' Pn H ? n / < TX^Ut (X7) 

If, in the approximation. Brooks' formula is used to 
represent the variation of r with the induction tempera- 
ture, wo find that the law expressed by (17) is much closer 
to that of the density. 

lor illustration, the expression 

Is Pjt /Is. 

r o Bo «/ T s 

is developed in relation to the altitude in standard 



The slight variation of ^( r ) a at above rated altitude 
can be disregarded. 
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air for a compression ratio of r Q = 1.7. Aa shown in 
table I, the v'aluo's obtained are much closer to those of 
tho relative donsit7 6. 



TABLE I 



Altitude 
in stand- 
ard air 






^ f 1+ 0. 

¥0 L 


00063 r/ (t 0 -t B )l 

J *> 




0 


1 




1 




1.000 


0.9075 




0.9077 




2.000 


.8216 




.8217 




3.000 


.7421 




.7422 




4.000 


.5586 




.6680 




5.000 


. 6008 




.5992 




5 .000 


.5384 




.5363 




7.000 


.4811 




.4781 




8.000 


.4285 




.4246 




9 .000 


.3805 




.3758 




10.000 


.3368 




.3312 




11.000 


.2969 




.2909 





APPLIGiTIOil OF METHOD TO POWER DEVELOPED 117 PLIGHT 



In the general case, previousl"" - discussed, we have the 
problem of determining the power developed in flight on 
the basis of data suppliod by aircraft instruments: engine 
speed, boost presaure, atmospheric presaure, and tempera- 
ture. 

By the indicated method, basod upon tho data observed 
in test at sea level under specified conditions of atmos- 
pheric pressure and temperature, and for different opeoda, 
we compute the air- consumption - and from it, the power de- 
veloped - through the consumption-power curve and applica- 
tion of the correction for the difference in boost and 
exhaust pressure. 

The operations are longer than with the method of 
passing directly from the calibration curves obtained at 
3ea level to the horsepower at altitude, but they afford a 
superior approximation, especially in tho cruising range, 
where the actual correction formulas f\re usually far from 
-ic curate. 
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Aside from that, the knowledge of air consumption un- 
der those conditions can ho useful. 7e stress the possi- 
bility of calculating, in this manner, the fuel consump- 
tion which must be maintained at altitude in order to 
achieve a prearranged air-fuel ratio. 

The mathematical operations can be almost completely 
eliminated and the approximation made even closer if the 
quantity of air inducted in the engine is observed direct 
in flight by means of a nozzle. 

This practice merits serious consideration since it 
does not present spocial difficulties and the knowledge of 
air consumption can be very useful, as already stated, 
through the possibility of affording a chock on the mix- 
ture ratio by way of the contemporary measurement of -fuel 
consumption. 



VAHIATI ON Or COUPHESSION HAT 10 or SUPEECHaRGSE 1TITH 
ALTITUDE AND TEST METHOD 0E FHEDI 0TI0JT 



The induction temperature varies with the compression 
ratio of tho supercharger. 

This fact is. to en.erally taker, into account by applying 
to tho compression ratio observed in bench tests, a correc- 
tion factor suggested by Brooks at: 

r z = r p [1 + 0.00053 r p a (t p - t z )] (la) 

This is an experimental correction formula. 

Theoretically, a formula can be obtained which brings 
out the effect of intake temperature on the compression 
ratio by equalizing the effective prevalence which is ob- 
tained by the two different intake temperatures in question. 
Ve obtain: 

m -i m 

where m is the exponent of the polytropic process, accord- 
ing to which the compression oporatoo. 
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A similar formula proposed by Zoyns and Oarosolli pre- 
auppoBos constancy of tho adiabatic prevalence. 

On comparison of the theorotical formulas vrith those 
by Brooks, it is found that tho obtained values are in 
good agreement for compression ratios up to 2.5 and for 
altitudes up to 6000 motors, whereas above that, the dis- 
crepancies become considerable. 

formula (la) is applicable only on the assumption that 
the supercharger oporates constantly at the same point of 
its charactori stic mar.ometric curve - a hypothesis not tjon - 
erally satisfied by changing altitude, as shown later on. 

The use of correction formulas cm bo avoided by mak- 
ing uso of tho experimental method su ta& ested hero, and 
which derives dlroctly from tho conditions of similitude 
for centrifugal superchargers developed by H. S. Capon and 
G. 7. Brooke (reforonco o) . 

She cited authors effected a dimensional analysis of 
parameters on which the characteristics of a centrifugal 
supercharger depend. Disregarding the effects of distor- 
tion of the supercharger casing, the heat flow through the 
casing and, in tho range of normal designs, the scale ef- 
fect, we have : 

Pa Pa "o « 

* • •= — • — • 1 Id 

Pi Pi E i ^ n c * D 
g 

= func.f-^L^ n c 0 fa\ (19) 
L D -/PiPx ^ P l J 

whore the bracketed terms indicate nondimensional varia- 
bles or, not considering the constant terms: 

3>. £E. *S. — °. ^ = func r^H. -^1 (20) 
where 

p, p, and T are, respectively, the absolute pressure. 

density, and temperature at the super- 
charger intake and delivery 



n_ rpm of the supercharger rotor 
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n c power required to operate the rotor 
Tl a adiabatic efficiency 

D linear dimension of a supercharger re- 
lated to a family of geometrically 
similar superchargers (for instance, 
diameter of rotor) 

In the application of these rolations of similitude 
to tho operation, at altitude, of a supercharger attached 
to the engine, the quantity referring to the tost run at 
sea level is denoted "by subscript p, and to that at alti- 
tude Z , "by z . 

If it wore possible to realize tho tiro equalitios 



I. 



simultaneously, the supercharger would operate under condi- 
tions of similitude and then the compression ratio &c well 
as tho other characteristics obsorvod in the ground tost, 
would he equal, at altitude, to those for n z . 

In ro.ility, the two conditions of similitude are im- 
possible to achieve independent of one Another bqcauso tho 
supercharger is connected to tho ongino; hence. -its condi- 
tions of operation aro linked \.-ith those of the engine. 

She first -condition . of similitude can bo exprossod in 
the form: 



= i 



(22) 



^ T l(p) 

Wo verify tho value which tho ratio assumes in this case: 



(23) 
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so that if- the second aond-it ion of ■ similitude were also 
satisfied, the result would he equal to 1. We can put 

_ _ SO n x „ _ ZOn x x Pa 

p = __ * r 7 a - ~ — * r ( p ) * r ( B ) (24) 

T a 

The temperature v of the fresh charge in the cylin- 

A r(T) 

der differs from the delivery temperature T z of the super 

charger, as a result of the heat transfer "between mixture 
and supercharger walls, and we can retain a certain, func- 
tion, f(T a ) of it: 

p . Mp> x r(B , (tt , 

Junction f(T 8 ) presumably, shall be such that the 
ratio . botween the two different altitude values can be re- 
tained botweon the ratio of T a and the ratio of »/^a' 

The substitution of F in the formula for 0 affords 

n s (Mp)>. <»»(.)>. fil ^t), 

whore p a is the prosoure at delivery, coincident with 
that of the boost, and Pj the induction pressure coinci- 
dent with the atmosphoric pressure in operation at alti- 
tude and distinct from it; coinciding instead with tho 
pressure in tho "box" undor test conditions. 

Assuming | r ^ \s = l, which is justifiod by oquali- 
U r(p) } p 

ty of p/y T x , and bearing in mind that 

"p (/iT) p 

^ives 
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(?Tt7t). 



. . i HIS^ (27) 

To check the Unit a within which the variation of 0 
ia contained, the two assumptions relating to f (T a ) are 
studied separately. 

Assumption 1: 

*U a \ _ da),. _ <M.)>. (la), .... 

It affords: 



r B- 1 



where n is the exponent of the poly-tropic process of com- 
pression, and hence 



r a -m 



0 = lr*±*lLz -^g (29) 



r 



P 



Haying achiovod tho first condition of similitude, 
which experience showa to be that of the greater effect on 
tho comprossion ratio, we can rotain r z = rp in first 
approximation, hence 

. (*»<.)>, 



P = ] *<■<>>' z (30) 
P 



<*r<B>> 



Assumption 2: 
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3 = 




(31) 



and again retaining r z = r,, in first approximation, we 



In order to gain an idea of the values that 0 may 
assume - referring to the engine on which the experimental 
data were obtained - the 8 value was computed over the 
range from rated altitude of 860 mm Eg "ooost pressure, 
equal to 3600 m and zero altitude in standard air. Hence, 
the two assumptions of f(T a ): 

Assumption 1 : 



Hatio 8 thus assumes values relatively at little 
variance with unity; provided the first condition of simil- 
itude of the supercharger, a = 1, has been realized, it 
automatically and approximately affords the second condi- 
tion^ 0 = l - at least, for well-proportioned supercharg- 
ers operating in the flat region of the characteristic " man- 
ometric curve. 



find: 




8 = 1^96 = 1.069 
1.025 



Assumption 2: 




In any case, it will always he possible - at least, 
theoretically - to put 8=1, by suitable manipulation 
of the boost pressure in the bench test, to a value higher 
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than that of the operation from which we seek the rated 
altitude. Jor example, in the above case, we have: "boost 
pressure from which we seek the ratod altitude, 860 mm/Hg. 

Assumption 1: "boost pressure to be reached in bench 

test, in order to obtain 0=1, 
1342 mm/Eg. 

Assumption 2: boost pressure to be reached in test 

on ground, in order to obtain B = 1 
993 mm/Hg. 

In the first case, the resultant boost pressures are 
nuch higher and, in general, not compatible with safe op- 
eration; in the second case, however, the values would be 
obtainable by using a higher octane fuel. 

Effecting the determination of the rated altitude by 
the conventional method, the value of B departs consist- 
ently farther from unity, thus introducing a new source of 
error, which is difficult to check with a correction formu- 
la, as the effect on the compression ratio would certainly 
differ from one supercharger to the. next, according to the 
shape of its characteristic curve and the zone in which 
the supercharger happens to operate. 

To calculate 0 in such a case, the assumptions for 
f(T 2 ) w the variations of ^r(p) being disregarded, give: 

Assumption 1: 



J <*i>. 



Assumption 2: 



3 —m 

(^„0 r. a 



0 _ _ 'r(o) ' ? "z 



■ 

It is noted that in the test - as it is now conduoted 
conditions are still worse from this standpoint; in fact, 
in attempting to find by trial, the altitude at which the 
corrected boost pressure is equal to that fixed beforehand, 
we operate at much lower effective boost pressure than nor- 

<*(r>B>. 

mal and hence, with a still higher ratio /\ . ~ — r~ than 

( r / S -q 
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that considered in- the preceding example. • 

She effect of placing the operating points of the 
supercharger on its characteristic ourve , was confirmed 07 
the previously described Tiat altitude- chamber tests on the 
A-8O-EC74I engine, which manifested a drop in compression 
ratio "07 a decrease of pressure in the- exhaust. 

Application of the new method suggested for determin- 
ing the rated altitude, derives directly from what has 
previously been said. 

Wishing to determine for n. specified apood, the alti* 
tude at which a certain boost pressure is re-established, 
readings were taken with the "box" at different altitudes, 
realizing for each test, the condition a = 1 and, possibly 
3=1. Then we plot a curve shoeing the compression ratio 
in relation to the altitude; the intersection of the curve 
with that b iven by the ratio of the prescribed boost pres- 
sure and that corresponding to the altitude, gives the 
rated altitude. Figure 4 shows the results of such exper- 
iment s . 

Although not explicitly stated, it is understood that 
Capon and 3rooks 1 laws of similitude aro applicable to su- 
perchargers in which the fluid is air, exclusively. 

On the other hand, the new method proposed here can be 
satisfactorily applied, disregarding divers facts of heat 
oxchange with the outside across tho suporcharger walls, in 
which the association of fuel with air is achieved after 
tho supercharger. The method io not applicable, except 
approximately, to engines provided with aspirated carbu- 
retors. She vaporization of fuel has, as noted, a benefi- 
cial effect on the compression ratio of tho supercharger. 
Tho effect of fuel vaporization is translated into a low- 
ering of tho intake temporature, a change in specific heat 
and in the exponent of tho adiabatic; and a subtraction of 
heat during compression, if vaporization, it) achieved in 
tho suporcharger. The rosults vary according to whether 
tho vaporization occurs -before . the supercharger or in it, 
and precisely in the latter case the change in the compres- 
sion ratio is a minor one. 

Changing.- the .air pressure md temperature entering 
the carburetor,, changes the rate of - evaporation of the 
fuel in direct proportion " to the difference between satu- 
rated Vapor tension- and partial vapor tension; in this 
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case, of course, it is no longer possible to assume r x = 
rp, since not even the first condition of similitude is 
satisfied. 

Reverting to the engine described in the foregoing 
for comparing r B .ind r p according to Brooks' formula, 

(^r(s) )./(^r(s) ^-o is assumed to be equal to the original- 

ly computed value, and r p = 1.7. Under these conditions, 
we find: 

Approximation 1: 3 = 1.129 

Approximation 2: 0 = 1.098 

inversely proportional to the total pressure. In conse- 
quence, it is to be expected that the ratios of the frac- 
tions of fuel evaporating first will vary, inside and behind 
the supercharger, with its consequent effects on the com- 
pression ratio of the supercharger which, presumably, will 
be detrimental as the altitude increases. 

In point of fact, no data are available by which this 
phenomenon, could be taken into account with any decree of 
certainty; therefore, as its effect is not of fa reat impor- 
tance, it may be disregarded in the first approximation., 
ponding experimental confirmation. 

To illustrate the effect of fuel evaporation on the 
compression ratio, in figure 5 are shown the manometric 
characteristics of the engine supercharger in our experi- 
ments with and without evaporation of fuel. 

The top curve is that of normal engino operation.; 
the lower curve was obtained by running the engine by elec- 
tric motor with ignition cut off and gasoline flow inter- 
rupted. 

APPLICATION 07 laETHOD AND COMPARISON WITH RESULTS 
OBTAINED III ALTITUDE TEST CHAMBER 



As an illustrative example of the suggested method, 
we computed the curve of the horsepower. variation with 
altitude in standard air on the same engine that furnished 
all the -foregoing experimental data. The air. consumption 
and horsepower developed at the constant speed of 2200 rpm 
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are shown plotted against the altitude in fig-are 6. 

The rated altitude for normal "boost pressure of 860 mm/ 
Hg , was also plotted by the foregoing experimental method 
(see fig. 4), and the air consumption and horsepower up to 
this altitude mere computed on the basis of constant "ooost 
pressure. Above this altitude, the approximate law of 
change of air consumption is assumed to apply proportional- 
ly- to the ratio of the density at the altitude in question 
and that at the rated altitude. It is interesting to com- 
pare the obtained results with those made in the altitude 
test chamber under actual conditions of temperature and 
pressure at altitude. 

In particular, we refer to the tests in the Fiat alti- 
tude chamber on the A-80-RC-41 engine which, so far as we 
know, are the nost complete tests made on a supercharged 
en 0 ine . 

A comparison of results or. other engines should fur- 
nish a useful guide to further research. 

jPor the engine to which the new method was applied, 
we obtained, between altitude 0 and rated altitude of 
3600 meters, a 15.3-percent increase in power - equivalent 
to an average increase of 4.25 percent per 1000 meters. 

Tor the A-80-RC-41 engine in the altitude test cham- 
ber, .the increase in power amounted to 17.4 percent between 
altitude 0 and rated altitude of 725 mm/Eg - equivalent to 
4100 meters, or a mean increase of 4.25 percent per 1000 
meters altitude. 

Applying to the power at zero altitude the correc- 
tions actually employed for the temperature and the de- 
pression, of the exhaust, we obtain within average limits 
of altitude, a mean increase of around 3.50 percent per 
1000 meters altitude. 

Applying the formula 'according to present Italian 
aeronautical standards, as far as they have be on estab- 
lished, to the brako-horsepower reading in the test with 
correction box, 

[i ♦ o : oooe3 rp . ( tp - ..,] (x : 1^) 

we obtain, always within average altitude limits, for the 
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A-80-EC-41 engine; an increase'in power of only 3 percent 
per 1000 meters altitude. 

The argument now being made should not ,. however , iead 
us to conclude that the horsepower computed "by the present 
standards is in every case below the real horsepower. Dis- 
counting the fact that results can change from one engine 
to the r.ext, it should he noted that by : th6 conventional 
method, the rated altitude is generally overestimated; "thus 
it "becomes possible to recover by this method, the loss 
through the other method. 

The proposed method presents still-other advantages 
over the present correction formulas at low boost pres- 
sures, whore errors always become greater. In fact - al- 
ways with reference to the altitude-chamber tests on the 
A-80-E0-41 engine - a comparison of the calibration curve 
at the normal spoed of 2100 rpm, at 4100 meters,. in stand- 
ard air, with that computed by Brooks' formula, discloses 
a percentage error rising from 4.4 percent to 23.25 porcont 
for a change in boost pressure from 75d mm/Hg to 500 mm/Eg. 

CONCLUSIOE " 



The method of calculating the characteristics at alti- 
tude, of supercharged engines, based" on the consumption of 
air, is a more satisfactory procedure from a logical point 
of view, than the conventional correction formulas and af- 
fords a more accurate calculation of the horsepower at al- 
titude, especially at low boost prossuros. 

One important value of this .method is, that it enables 
the determination, on the tost engine direct, of the offect 
of the depression in the o'xhaust on the cylindor filling - 
which pormits the exact appraisal of a factor, in rospoct 
to which b rcator variety of behavior from the different 
engine pr.rts may bo expected. / 

Tho method-can bo roflnod after adequate resoarch in 
the altitude tost chamber, "in order to establish a more ac- 
curate avorago law representing the effect of air-intake 
tomporaturo on air consumption and tho value to bo attrib- 
uted, to the variation in pumping power duo to tho differ- 
ence bet-weon boost and exhaust back prossuro. 

The correlation between air consumption and horsepower 
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can "be usefully applied tc the determination of the power 
eacpocted in flight, by observation, with suitable equip- 
ment , of the air consumption of the engine. Experiments 
for this purpose are under way and will he disouasod in 
duo t i me . 



Translation by J. Vanior, 
National Advisory Committee 
for Aeronautics. 
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Figs. 1,2 
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Figure 1.- Horsepower against air consumption at constant rpm. 
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Figure 2.- Air consumption against boost pressure at constant rpm. 
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Figure 3.- Coef f icient X r ( s ) 

against ratio: 
boost/exhaust pressure. 
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Figure 4.- Change of com- 
pression ratio 
of supercharger with altitude 
in standard air and determi- 
nation of rated altitude for 
a specified boost pressure. 
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Figure 5.- Effect of fuel 
evaporation on 
supercharger compression 
ratio. 
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Figure 6.- Variation in air consumption and horsepower with altitude 
in standard air at constant rpm. 
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